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A B S T R A C T
The rise in the temperature of photovoltaic (PV) leads to decrease in the solar to electricity conversion eﬃciency.
This paper presents a simulated study to investigate the thermal management of the PV panel using phase change
material (PCM). It is found that once the PCM is fully melted, the rate of heat extraction by PCM decreases and,
thus, the PV temperature starts increasing rapidly. In literature, the studies related to the performance analysis of
the PV-PCM system are available. However, the optimization of the PCM quantity to cool the PV in various
operating conditions and solar radiation levels is not available. Thus, it has been carried out in the presented
work. The eﬀects of the operating conditions (wind azimuth angle i.e. wind direction, wind velocity, melting
temperature of PCM and ambient temperature) on the optimum depth of the PCM container have been analysed.
The results show that as wind azimuth angle increases from 0° to 90°, the optimum depth of the PCM container
(to maintain the PV at lower temperature) increases from 3.9 cm to 5.3 cm for ∑IT=5kWh/m2/day and from
2.4 cm to 3.2 cm for ∑IT=3kWh/m2/day for the chosen parameters.
1. Introduction
The temperature of the photovoltaic (PV) cell rises during its op-
eration which reduces its solar to electricity conversion eﬃciency
(Khanna et al., 2017a). The studies that analyse the thermal manage-
ment of the PV by extracting the heat using phase change material
(PCM) have been reviewed. Some studies have been reported that
carried out the experimental analysis which are as follows: Huang et al.
(2006a) have investigated the performance of the PV-PCM (mimicked
PV) system for two cases (with and without ﬁns). It has beenfound that
the temperature rise of the front surface can be reduced by 10 °C using
ﬁns at an insolation of 750W/m2 and an ambient temperature of 23 °C.
Straight ﬁns, wire matrix and strip matrix are used to enhance the heat
transfer. Hasan et al. (2015) have analysed the PV-PCM system under
two diﬀerent weather conditions (Dublin and Vehari) and found that
for Dublin, the maximum temperature reduction in PV is 10 °C at an
insolation of 970W/m2 and an ambient temperature of 24 °C and for
Vehari, it is 21.5 °C at an insolation of 950W/m2 and an ambient
temperature of 32 °C. Researchers have used diﬀerent types of PCMs. A
yellow petroleum jelly has been proposed by Indartono et al. (2014)
and a decrease in the PV temperature from 60 °C to 54.3 °C has been
reported for a PV-on-roof system at an insolation of 1120W/m2 and an
ambient temperature of 25 °C and from 44.8 °C to 42.2 °C for PV-on-
stand system. Hasan et al. (2010) have analysed ﬁve diﬀerent PCMs. At
solar ﬂux of 1000W/m2 and an ambient temperature of 20 °C, a max-
imum reduction of 18 °C in the PV temperature has been reported.
Sharma et al. (2016) have coupled the PCM with a building integrated
concentrated PV (BICPV) which resulted in increase of 1.15%, 4.20%
and 7.7% in the electrical eﬃciency at insolation of 500W/m2, 750W/
m2 and 1000W/m2 respectively. Huang et al. (2011) have reported the
crystalline segregation of the PCM. It has been concluded that the de-
ployment of the internal ﬁns enhances the system’s performance.
Waksol A, RT27 and RT35 are used for the study at an insolation of
750W/m2 and an ambient temperature of 19 °C. Browne et al. (2015b,
2016) have used a pipe network inside the PCM container to utilize the
stored heat by ﬂowing water through the pipes which has led to a
thermal eﬃciency of 20–25% at Dublin for three consecutive days in
July having an insolation of 950W/m2 and an ambient temperature of
20 °C around noon. An increase of 6 °C in the water temperature has
been reported against the case when the PV-Thermal system is used
without PCM. Some review studies (Du et al., 2013; Browne et al.,
2015a; Ma et al., 2015; Shukla et al., 2017) are also reported focusing
the thermal performance of the PV-PCM system.
Apart from the experimental studies, there have been several nu-
merical studies for one, two and three-dimensional thermal analysis of
the PV-PCM system. The following investigations have carried out the
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one-dimensional analysis considering the conductive energy ﬂow alone
inside the PCM. Brano et al. (2014) have reported a ﬁnite diﬀerence
method for analysing the PV-PCM system which maintains the relative
average mismatch between the calculated and the measured values of
the PV temperature below 7% for summers in Palermo having an in-
solation of 1000W/m2 and an ambient temperature of 25 °C around
noon. Atkin and Farid (2015) have analysed four systems: (A) only-PV,
(B) PV-PCM, (C) PV-Heatsink and (D) PV-PCM-Heatsink and found an
electricity enhancement of 7.32%, 11.70% and 12.97% using systems B,
C and D respectively as compared to system A. Smith et al. (2014) have
calculated the electricity generation by PV-PCM system for countries all
over the world and the performance in the tropical regions are found to
be the best. An increase of over 6% in the electricity output has been
reported for Mexico and Eastern Africa. Mahamudul et al. (2016) have
studied the behaviour of the PV-PCM system and found a reduction of
10 °C in the PV temperature for a period of 6 h using RT 35 PCM under
Malaysian climate having maximum insolation of 1000W/m2 and an
ambient temperature of 35 °C. Kibria et al. (2016) have analysed three
diﬀerent PCMs and found a 5% increment in the PV eﬃciency at an
insolation of 750W/m2 and an ambient temperature of 20 °C. It is also
found that for 8 h of operation, RT20 gets fully melted whereas RT25
and RT28HC gets melted up to 80% and 65% respectively. Park et al.
(2014) have studied the performance of the PV-PCM system by varying
the melting temperature and the thickness of the PCM layer. It is found
that the PV temperature can be reduced by 10 °C using 100mm thick
PCM layer at an insolation of 780W/m2 and an ambient temperature of
19 °C. Aelenei et al. (2014) have achieved a thermal eﬃciency of 10%
and an overall (electrical+ thermal) eﬃciency of 20% in a building
integrated PV-PCM system at Lisbon for a day having an insolation of
around 900W/m2 and an ambient temperature of 12 °C at noon. Elarga
et al. (2016) have analysed the performance of the PV-PCM system
integrated in double skin facades and found a reduction of 20–30% in
the monthly energy demand for cooling and an increment of 5–8% in
the electricity generation. The locations considered for the study are
Venice, Helsinki and Abu Dhabi. The reduction in the heating load in
cold-dominated locations is found to be limited.
Despite above studies, it is a fact that the energy ﬂow due to con-
vection inside the melted PCM aﬀects the system’s performance sig-
niﬁcantly (Kant et al., 2016). The following numerical studies have
considered it and the side walls of the PCM container are considered to
be insulated which leads to the temperature variations along the height
and the thickness of the system. Thus, the following studies have car-
ried out the two-dimensional thermal analysis. Huang et al. (2004) have
studied the PV-PCM (mimicked PV) system with and without ﬁns at an
insolation of 1000W/m2 and an ambient temperature of 20 °C. The
temperature of the front surface of the system has been reported to be
reduced by 3 °C using ﬁns. It is found that the PCM (melting tempera-
ture 32 °C) container having depth of 20mm can maintain the front
surface temperature under 36.4 °C for 80 min. Ho et al. (2012) have
reported an increase in the PV electrical eﬃciency from 19.1% to
19.5% at an insolation of 650W/m2 and an ambient temperature of
30 °C and from 17.86% to 17.99% at an insolation of 450W/m2 and an
ambient temperature of 20 °C using the microencapsulated PCM having
melting temperature of 26 °C and depth to length ratio of PCM con-
tainer as 0.277. Huang (2011) has studied the use of two diﬀerent PCMs
in a same container at an insolation of 1000W/m2 and an ambient
temperature of 20 °C. RT27-RT27, RT27-RT21 and RT31-RT27 PCMs
have been chosen and RT27-RT21 combination is found to be the best.
Khanna et al. (2017b) have studied the eﬀect of tilt angle of the PV-
PCM system on the melting rate of the PCM and found that as tilt
Nomenclature
ai coeﬃcient appeared in Eq. (29)
B liquid fraction of PCM
Cp speciﬁc heat capacity (J/kg K)
D Dirac delta function
F view factor between surfaces
g acceleration due to gravity (m2/s)
G heat generation (W/m3)
Gr Grashof number
h convective heat transfer coeﬃcient (W/m2 K)
IT solar radiation on tilted surface (W/m2)
k thermal conductivity (W/mK)
L length of the system (m)
Lch characteristic length (m)
Lh latent heat (J/kg)
p pressure (Pa)
Pr Prandtl number of air
QL rate of heat loss from the top surface (W/m2)
Re Reynolds number
Sh solar radiation converted into heat in the system (W/m2)
t time (s)
T temperature (K)
Tm peak melting temperature of PCM (K)
u velocity of melted PCM (m/s)
vw wind velocity (m/s)
Greek symbols
β tilt angle of the panel (rad)
βc thermal expansion coeﬃcient of PCM (/K)
γ wind azimuth angle i.e. the angle made by wind stream
with the projection of surface normal on horizontal plane
(rad)
δ depth of PCM container (m)
ΔT phase change zone (K)
ε emissivity for long wavelength radiation
ηPV module solar radiation to electricity conversion eﬃciency of PV
module
μ dynamic viscosity of air (kg/ms)
ν kinematic viscosity of air (m2/s)
ρ density (kg/m3)
ρPV reﬂectivity of the top surface of the PV module
σ Stefan–Boltzmann constant (W/m2 K4)
Abbreviation
BICPV building integrated concentrated PV
EVA ethylene vinyl acetate
PCM phase change material
PV photovoltaic
Subscripts
a ambient
c critical
for forced convection
g ground
l liquid phase
nat natural convection
P PCM
s sky; solid phase
t top surface
x x direction
y y direction
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increases, melting rate increases. The simulations are performed at an
insolation of 1000W/m2. Emam et al. (2017) have analysed the eﬀect
of the inclination on the performance of the concentrated PV-PCM
system and found that 45° tilt angle is the best for the reduction in PV
temperature. The simulations are performed at insolation of 5000W/
m2 and 20,000W/m2 and an ambient temperature of 25 °C. During
phase change, the thermal properties of the PCM vary rapidly and
Biwole et al. (2013) have deployed a Dirac delta function to model the
same for the convergence of the solution.
The heat losses from the side walls of the PCM container have been
considered by Huang et al. (2006b, 2007) thereby conducting the three-
dimensional thermal analysis of the PV-PCM system. It is concluded that the
two-dimensional analysis itself can predict the results to a fair amount of
accuracy. The mismatch is reported as 2 °C at an insolation of 750W/m2
and an ambient temperature of 20 °C. Ho et al. (2014, 2015) have presented
the three-dimensional thermal model without considering the convective
energy ﬂow inside the PCM and found an increment of 2.1% in the elec-
tricity generation for southern-Taiwan climate. The PCM having melting
temperatures 17 °C, 18 °C and 30 °C are considered for the simulations.
From the reviewed literature, it has been found that once the PCM is
fully melted, the PV temperature starts increasing rapidly (Huang et al.,
2004, 2006a, 2006b, 2007, 2011; Huang, 2011; Biwole et al., 2013;
Emam et al., 2017; Khanna et al., 2017b). The optimization of the
PCM’s quantity to cool the PV in various operating conditions and solar
radiation levels is thus the focus of the presented work which has not
yet been reported in the literature by any researcher.
2. Methodology
A PV panel with a PCM container attached at its rear was considered
for the presented study as shown in Fig. 1 with β as its tilt angle. The PV
panel consisted of ﬁve layers. The depth and the length of the PCM
container were denoted by δ and L respectively. The side walls and the
bottom were thermally insulated so that the only relevant thermal
variations occurred along the thickness (y direction) and the length of
the system (x direction). It is observed that when the PCM starts
melting, the solid portion tends to get displaced downwards pushing the
melted one upwards resulting in a temperature gradient along the
height inside the container leading to a non-uniform PV temperature
which hampers the PV performance. Thus, a highly conductive (alu-
minium) layer was introduced behind the PV. It was found that for
L=1m, the temperature gradient reached to 15 °C. However, by at-
taching shorter PCM containers having length (L) 25 cm, the non-uni-
formity in the PV temperature reduced to 4 °C.
The study was carried out based on the following assumptions
(i) The solar ﬂux incident on the surface of the PV was considered to
be uniformly distributed. It means that the non-uniformity cre-
ated by the localised dirt on the PV and clouds was not con-
sidered.
(ii) The PV was taken as isotropic and homogenous.
(iii) The eﬀects of the temperature and the incident solar radiation on
the PV performance were incorporated as variations in the solar
to electricity conversion eﬃciency of the PV.
(iv) The variations in the thermal properties of the PV material with
temperature were neglected.
(v) The bottom and the side walls were insulated hence the heat
losses from the same were neglected.
(vi) The eﬀect of the interfacial resistances on the thermal perfor-
mance of the system were neglected.
(vii) To keep the model simple, all the heat was considered to be
generated in the silicon layer.
(viii) The properties of the PCM in solid and liquid phases were
homogeneous and isotropic.
(ix) The variations in the thermal properties of the PCM with change
in temperature were neglected within same phase.
(x) The ﬂow inside the melted PCM was considered to be laminar and
incompressible.
Out of the total solar radiation incident on the surface of the PV (IT),
a fraction (ρPV IT) was lost due to reﬂection and the rest got absorbed by
the system which can be written as (1− ρPV)× IT where ρPV is the re-
ﬂectivity of the top surface of the PV module. A portion of the absorbed
radiation was utilised in producing electricity and the rest got con-
verted into heat (Sh) which can be written as follows:
= − −S ρ I η I(1 )h PV T PV module T (1)
where ηPV module is the solar radiation to electricity conversion eﬃciency
of the PV module. A part of the generated heat got dissipated to sur-
roundings via convection and radiation from the panel’s top which can
be given as follows:
= − + − + −= = =Q h T T σε F T T σε F T T[ ] [ ] [ ]L at y a t t s at y s t t g at y g0 04 4 04 4 (2)
where h is the convective heat transfer coeﬃcient (combination of
natural and forced convection) between the top surface and the am-
bient, Ta is the ambient temperature, σ is the Stefan–Boltzmann con-
stant, εt is the emissivity of the top surface for long wavelength radia-
tion, Ft_s and Ft_g are the respective view factors of the top surface to sky
and ground. Ts and Tg are the sky and ground temperatures respec-
tively. Kaplani and Kaplanis (2014) had presented an expression for h
which can be given as follows:
=
⎧
⎨
⎪⎪
⎩
⎪⎪
⩽
+ < < = °
+ < < > °
⩾
h
h if Gr Re
h h if Gr Re β
h h if Gr Re β
h if Gr Re
; / 0.01
| | ; 0.01 / 100, 0
| | ; 0.01 / 100, 0
; / 100
for
nat for
nat for
nat
2
7/2 7/2 2/7 2
3 3 1/3 2
2 (3)
where Gr (Kaplani and Kaplanis, 2014) and Re (Kaplani and Kaplanis,
2014) are the Grashof and Reynolds numbers respectively. hnat and hfor
are the heat transfer coeﬃcients of the top surface for natural and
forced convection respectively and can be given as follows (Kaplani and
Kaplanis, 2014):
=
⎧
⎨
⎪
⎩⎪
⎡
⎣⎢
− +⎤
⎦⎥
> °
⩽ °
h
GrPr Gr Pr
Gr Pr β
k L if β
GrPr k L if β
0.13{( ) ( ) }
0.56( sin )
/ 30
[0.13( ) ] / 30
nat
c
c
a ch
a ch
1/3 1/3
1/4
1/3 (4)
= −h k β γ Pr ν L0.848 [sin cos v / ] ( /2)for a w ch0.5 0.5 (5)
where Pr is the Prandtl number of the air, Grc is the critical Grashof
number (=1.327×1010 exp{−3.708(π/2− β)}), ka is the thermal
conductivity of the air, Lch is the characteristic length (the length of the
surface along the direction of the air ﬂow), γ is the wind azimuth angle
Fig. 1. System chosen for the current study.
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(the angle made between the wind stream and the projection of PV’s
surface normal on the horizontal plane), vw is the wind velocity and ν is
the kinematic viscosity of the air.
The governing equations for the PV-PCM system are described in the
subsequent sub-sections.
2.1. Solid portions
The temperature of the ith layer of the solid portions of the system in
x and y directions at any instant t was calculated by solving the fol-
lowing equation:
⎜ ⎟
∂
∂ = + ⎛⎝
∂
∂ +
∂
∂ ⎞⎠ρ C
T
t
G k T
x
T
yi p i
i
i i
i i
,
2
2
2
2 (6)
where ρi, Cp,i, Ti, Gi and ki are the density, speciﬁc heat capacity, tem-
perature, heat generation (i.e. the fraction of the solar radiation con-
verted into heat) and thermal conductivity of the ith layer respectively.
The boundary conditions for the above equation were as follows:
(a) The rate of heat loss from the side walls was 0 because of perfect
insulation. It can be expressed mathematically in following manner:
∂
∂ =
∂
∂ == =k
T
x
k T
x
0i i
at x
i
i
at x L0 (7)
(b) The rate of heat entering the ith layer from its bottom surface was
equal to the rate of heat leaving the (i+ 1)th layer from its top
surface:
∂
∂ =
∂
∂ ++
+k T
y
k T
y
at interface of i and i layer( 1)i i i i1 1 th th
(8)
(c) The rate of heat dissipated from the top surface of the 1st layer was
equal to the rate of heat loss (convective and radiative) from the
same surface:
∂
∂ ==k
T
y
Q
at y
L1
1
0 (9)
(d) The temperature of the ith layer was equal to the ambient at t=0 s:
= =T T at t 0i a (10)
2.2. PCM
In order to calculate the temperature of the PCM and the velocities
of the melted PCM in x and y directions at any time t, the following
equations were solved:
⎜ ⎟
∂
∂ =
∂
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∂
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(11)
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∂ +
∂
∂ =
u
x
u
y
0x y
(14)
where ρP, Cp,P, TP and kP are the density, speciﬁc heat capacity, tem-
perature and thermal conductivity of the PCM respectively. ux and uy
are the velocities of the melted PCM in x and y directions respectively, p
is the pressure and μ is the dynamic viscosity. Fbx and Fby represent the
buoyancy forces in x and y directions respectively. The boundary con-
ditions for the above equations were as follows:
(a) The rate of heat loss from the bottom was 0 because of the perfect
insulation. It can be expressed mathematically as follows:
∂
∂ =k
T
y
at bottom wall0P P
(15)
(b) The rate of heat loss from the side walls was 0:
∂
∂ =
∂
∂ == =k
T
x
k T
x
0P P
at x
P
P
at x L0 (16)
(c) The temperature of the PCM was equal to the ambient temperature
at t=0 s:
= =T T at t 0P a (17)
(d) The velocities of the melted PCM in x and y directions were 0m/s at
all four inner walls of the PCM container:
= =u u at all inner walls of PCM container0x y (18)
(e) The velocities were also 0m/s at t= 0 s:
= = =u u at t0 0x y (19)
In Eqs. (12) and (13), Fbx and Fby represented the buoyancy forces
which can be given as follows:
= = − −F ρg ρ β T T g[1 ( )]bx x l c P m x (20)
= = − −F ρg ρ β T T g[1 ( )]by y l c P m y (21)
where gx and gy are the accelerations due to gravity in x and y directions
respectively. ρl is the density of the PCM when it is in liquid phase. βc
and Tm are the thermal expansion coeﬃcient and the peak melting
temperature of the PCM respectively.
Since the properties of the PCM vary with the change in phase, they
were considered as a function of temperature. Following the study
presented by Biwole et al. (2013), the variation in Cp,Pwith temperature
can be given as follows:
=
< −
+ − + − ⩽ ⩽ +
> +
C T
C if T T T
C C C B L D if T T T T T
C if T T T
( )
( Δ /2)
( ) Δ /2 Δ /2
( Δ /2)
p P
ps m
ps pl ps h m m
pl m
,
(22)
where Cps and Cpl are the speciﬁc heat capacities of the PCM when it is
in solid and liquid phases respectively. Lh is the latent heat capacity of
the PCM. ΔT is the temperature’s phase change zone which lies between
solidiﬁcation temperature (Tm− ΔT/2) and liquidiﬁcation temperature
(Tm+ ΔT/2). Solidiﬁcation temperature is the one below which the
PCM is fully solid and liquidiﬁcation temperature is the one above
which the PCM is fully liquid. In between these temperature points, the
PCM changes its phase. While changing the phase, the fraction of liquid
phase is deﬁned as liquid fraction of the PCM and can be given as
follows:
=
⎧
⎨
⎪
⎩⎪
< −
− ⩽ ⩽ +
> +
− −B T
if T T T
if T T T T T
if T T T
( )
0 ( Δ /2)
Δ /2 Δ /2
1 ( Δ /2)
m
T T T
T m m
m
( Δ / 2)
Δ
m
(23)
D (in Eq. (22)) is the Dirac delta function which takes care of the abrupt
nature of the variation in the speciﬁc heat capacity during phase
change. It is equal to 0 everywhere except for the phase change region
where it can be given as follows:
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= − −D T e
π T
( )
(Δ /4)
T T T( ) /(Δ /4)
2
m 2 2
(24)
Similarly, the variations in the ρP and kP with temperature can be given
as follows:
=
⎧
⎨
⎩⎪
< −
+ − − ⩽ ⩽ +
> +
ρ T
ρ if T T T
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s m
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l m (26)
where ρs, ρl, ks and kl are the densities and the thermal conductivities of
the PCM when it is in solid and liquid phases respectively. The variation
in the viscosity of the PCM with temperature was incorporated as fol-
lows (Biwole et al., 2013):
= +μ T μ A T( ) [1 ( )]l (27)
where
= −+ −A T
B T
B T
( ) 10 {1 ( )}
( ) 10
5 2
3 3 (28)
The above Eqs. (27) and (28) ensured that for the portion of the PCM
where temperature was less than the solidiﬁcation temperature
(Tm− ΔT/2), a very high viscosity was taken and the portion of the
PCM where temperature was above liquidiﬁcation temperature
(Tm+ ΔT/2), a very low viscosity was taken.
Due to the issues related to the convergence, the sharp variations in
the thermal properties of the PCM during phase change must be han-
dled delicately. For this, Biwole et al. (2013) proposed a second order
continuous diﬀerentiable function for the liquid fraction of PCM (B) as
follows:
∑=
=
B T a T( )
i
i
i
0
6
(29)
= = = = =
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B 0
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2
2
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ΔT
2
2
2
m ΔT2
m ΔT2 m (30)
The coeﬃcients (ai) appeared in Eq. (29) were calculated using the
above conditions (Eq. (30)) and can be given as follows:
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1
(31)
where b=Tm− ΔT/2, c=Tm+ ΔT/2 and d=Tm.
3. Solution method
Using ANSYS Fluent 17.1, the geometry of the PV-PCM system was
constructed by generating separate bodies for Glass, EVA, Silicon, EVA,
Tedlar, Aluminium and PCM layers. The mesh was generated using a
quadrilateral grid. The mesh interfaces between diﬀerent layers of the
system were formed and coupled appropriately. The mesh size (i.e. the
distance between the successive nodes of the grid) was chosen as 1mm
as it was found that the decrease in the mesh size from 2mm to 1mm
and from 1mm to 0.5 mm changed the results by ±1.5 °C and ±0.2 °C
respectively. The boundary conditions were applied on each wall of the
geometry. The Pressure-Velocity coupling SIMPLE scheme was used for
solving the equations. The iterations were allowed to continue until the
values of the energy, velocity and continuity residuals reached to 10−8,
10−4 and 10−4 respectively beyond which, no further signiﬁcant im-
provement was observed in the results.
4. Validation
Thermal performance of the PCM in a vertical aluminium box had
been investigated numerically by Biwole et al. (2013) for RT 25 HC
PCM. The length (L) and the depth (δ) of the PCM container were taken
as 132mm and 20mm respectively. The thicknesses of the aluminium
plates at front and rear of the PCM layer had been kept as 4mm. The
incident solar radiation (IT) and the ambient temperature (Ta) were
chosen to be 1000W/m2 and 20 °C respectively. The overall heat loss
coeﬃcients from front and back of the system were taken as 10W/m2 K
and 5W/m2 K respectively. The other outer walls of the system were
considered as insulated with nil heat loss coeﬃcients. They had re-
ported the variation in the temperature of the front surface of the
system with time. To validate the model of the presented work, the
equations were solved by taking same parameters as those of Biwole
et al. (2013). The variation in the front surface temperature with time
has been plotted in Fig. 2 along with their values. The calculations
suggest that the results diﬀer from the original work within the range of
±1.5 °C. The results also show that beyond t= 20 min, the temperature
stabilizes and after t= 80 min, it again starts increasing. The same
trend had been reported by Biwole et al. (2013).
Huang et al. (2007) had experimentally studied the thermal per-
formance of the PCM in a vertical aluminium box with RT 25 HC PCM.
The length (L) and the depth (δ) of the PCM container were taken as
40mm and 20mm respectively. The thicknesses of the aluminium
plates at front and back of the PCM layer had been taken as 5mm. The
incident radiation (IT) and the ambient temperature (Ta) were 750W/
m2 and 20 °C respectively. The front and back of the system were not
insulated while the other outer walls were. They had reported the
variation in the temperature of the front surface of the system with
time. To validate the model of the presented work with the experi-
mental one, the calculations had been carried out by taking similar
parameters. The variation in the front surface temperature with time
has been plotted in Fig. 3 along with the experimentally measured
values. The results diﬀer from the original work within the range of
−2.0 °C to +0.7 °C. It is also observed that the temperature is stabilized
from t=17min to t= 60min, beyond which, it again starts going up.
The same trend had been reported by Huang et al. (2007).
5. Results and discussion
For the presented work, the variations in the temperature of the PV-
PCM system with time had been computed for various depths of the
PCM container. The optimum depth had been calculated to keep the PV
cool during the operation for various daily solar radiation levels. The
eﬀect of operating conditions on the optimum depth had also been
investigated and is presented in Sections 5.1–5.4. The values of the
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Fig. 2. Variations in the average temperature of the front surface of vertical system with
time.
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parameters used for the calculations are presented in Tables 1 and 2.
Huang et al. (2006a) had concluded that the Solid-Liquid PCM was
more eﬀective in PV’s cooling as compared to the Solid-Solid PCM.
Thus, the same had been chosen for the presented study.
The variations in the temperature of the PV with time have been
presented in Fig. 4 for various depths of PCM container. The results
show that the PV temperature shoots up initially and then gradually
stabilises. It again starts increasing beyond a point and accelerates. It
can be explained in following manner. Initially, the PCM in the con-
tainer was in solid phase and its rate of heat extraction was very less
due to low thermal conductivity. Later on, the PCM started melting and
extracting heat (latent) from the PV without rise in temperature. At a
point, the PCM got almost fully melted where it had absorbed all the
latent heat. It resulted in lower rate of heat extraction by the PCM (only
sensible) and, thus, the PV temperature started shooting up at faster
rate.
The results also show that the increment in the depth of the PCM
container leads to increase in the cooling capacity in terms of duration.
However, for a ﬁxed total daily solar radiation, beyond a certain point,
further increase in the depth does not lead to signiﬁcant cooling of the
PV. The results show that, for ∑IT=3 kWh/m2/day, the increase in the
depth beyond 2.4 cm cannot lead to the decrement in the PV tem-
perature more than 1 °C. Thus, 2.4 cm depth can be considered as the
best for ∑IT=3 kWh/m2/day. It must be noted that, for the values of IT
lesser than 400W/m2, the rate of heat extraction by PCM is very less.
Thus, while summing up the values of IT over a day for obtaining ∑IT,
the values of IT larger than 400W/m2 should only be considered.
5.1. Eﬀect of wind azimuth angle
For diﬀerent daily solar radiation levels, the eﬀect of wind azimuth
angle (γ) on the optimum depth of the PCM container is presented in
Fig. 5. It has been observed that with increase in the wind azimuth
angle, the optimum depth increases. For lesser wind azimuth angles, the
wind ﬂows almost normal to the surface causing greater heat losses due
to forced convection. For the larger wind azimuth angles, the heat
losses are lesser leading to higher rate of heat extraction by PCM. Due to
this, the PCM melts in shorter duration as can be seen from Fig. 6. Thus,
for larger wind azimuth angles, larger quantities of PCM are required to
keep the PV cooler.
5.2. Eﬀect of wind velocity
Fig. 7 shows the variation in the optimum depth of the PCM con-
tainer against diﬀerent values of wind velocities (vw) at various daily
solar radiation values. It is observed that the optimum depth decreases
as wind velocity increases. For lower wind velocities, the heat losses are
lesser which cause higher rate of heat extraction by PCM resulting in its
quick melting as evident from Fig. 8. Thus, larger quantity of PCM is
required to cool the PV for desired duration for lesser wind velocities.
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Fig. 3. Comparison of the values calculated using current work with the measured ones.
Table 1
Thermo-physical properties of PV and aluminium layer.
Glass EVA Silicon Tedlar Aluminium
Cp (J/kg K) 500 2090 677 1250 903
k (W/mK) 1.8 0.35 148 0.2 211
Length (cm) 25 25 25 25 25
Thickness (mm) 4 0.5 0.3 0.1 4
ρ (kg/m3) 3000 960 2330 1200 2675
Table 2
Thermal properties of PCM (RT 25 HC) and values of other parameters used for calculations.
Parameter Value Parameter Value Parameter Value Parameter Value
Cp (J/kg K) 1800/2400 (solid/liquid phase) Ta (°C) 20 βc (K−1) 0.001 ηPV module (%) 20[1− 0.005(TPV− 25)+ 0.085 ln (IT/1000)]
IT (W/m2) 750 Tm (°C) 26.6 γ (°) 0 μ (kg/m s) 105/0.001798
k (W/mK) 0.19/0.18 vw (m/s) 4 ΔT (°C) 2 ρ (kg/m3) 785
Lh (J/kg) 232,000 β (°) 45 ε 0.85 ρPV 0.1
Fig. 4. Variation in the average temperature of PV (in PV-PCM system) with time for
various depths of PCM container.
Fig. 5. Variation in the optimum depth of PCM container with wind azimuth angle (γ) for
various solar radiation levels (∑IT).
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5.3. Eﬀect of ambient temperature
The optimum depths of the PCM container were calculated for
various values of the ambient temperature (Ta) at diﬀerent daily solar
radiation levels and are presented in Fig. 9. The results show that with
rise in the ambient temperature, the optimum depth increases. Higher
ambient temperatures lead to lesser heat losses causing heat extraction
by PCM at higher pace. It results in early melting of the PCM as shown
in Fig. 10. Thus, for higher ambient temperature, more quantity of the
PCM is required to cool the PV during operation.
5.4. Eﬀect of melting temperature of PCM
The optimum depths of the PCM container for diﬀerent melting
temperatures of the PCM (Tm) are shown in Fig. 11 for various com-
binations of the ambient temperature and the wind velocity. For this,
diﬀerent PCMs (RT 35 HC, RT 28 HC and RT 22 HC (Rubitherm Phase
Change Material, 2017) were chosen. The results show that the lower
Tm leads to higher optimum depth. The PCM with lesser melting tem-
perature (near to ambient) can maintain the PV at lower temperature
which results in lesser heat losses from the system and, thus, higher rate
of heat extraction by the PCM. Thus, for lower Tm, the PCM melts in
shorter duration and larger quantity of the PCM is required to cool the
PV during the entire operation. It must also be noted that the lesser
latent heat capacity also leads to the requirement of larger PCM
quantity to cool the PV.
For sunny seasons at Cornwall UK (50.17°N, 5.12°W), the ambient
temperature remains near to 18 °C during sunshine hours. Thus, RT 22
HC PCM can be used. The average ∑IT is around 4.2 kWh/m2/day with
high wind velocity. Thus, Fig. 11 shows that 4.1 cm is the optimum
depth of the PCM container.
A summary of the results have been presented in Table 3. The results
show that the ambient temperature aﬀects the melting of the PCM/
optimum depth the most.
t = 1h t = 3h
 = 0°
t = 1h t = 2h t = 3h
 = 90°
°C °C
t 2h = 
Fig. 6. Variation in the temperature of PV-PCM system with time for diﬀerent values of
wind azimuth angle (γ) keeping δ=3 cm.
Fig. 7. Variation in the optimum depth of PCM container with wind velocity (vw) for
various solar radiation levels (∑IT).
t = 1h t = 2h t = 3h
w = 1m/s
t = 1h t = 2h t = 3h
w = 5m/s
v
v
°C°C
Fig. 8. Variation in the temperature of PV-PCM system with time for diﬀerent values of
wind velocity (vw) keeping δ=3 cm.
Fig. 9. Variation in the optimum depth of PCM container with ambient temperature (Ta)
for various solar radiation levels (∑IT).
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6. Conclusions
A mathematical model has been presented for analysing the thermal
performance of the PV-PCM system. Heat transfer due to conduction,
convection and radiation were accounted. In order to validate the
model, the temperature variations in the system with time had been
computed and compared with the established results. The diﬀerences of
the calculated values from the reported numerical and experimental
ones lie within−1.5 °C to +1.5 °C and−2.0 °C to +0.7 °C respectively.
It is also observed that once the PCM is fully melted, the PV tempera-
ture starts increasing rapidly with time. By increasing the quantity of
the PCM (i.e. the depth of the PCM container), the duration can be
increased for which the PV can be maintained at lower temperature. For
the presented work, the variations in the temperature of the PV-PCM
system with time had been computed for various depths of the PCM
container and the optimum depth of container was calculated for var-
ious daily solar radiation levels. The eﬀect of operating conditions viz.
wind velocity, wind azimuth angle i.e. wind direction, ambient tem-
perature and melting temperature of the PCM on the optimum PCM
quantity had also been analysed. It can be concluded from the results
that
(i) As wind velocity increases from 1m/s to 5m/s, optimum depth of
PCM container decreases from 4.8 cm to 3.7 cm for ∑IT=5 kWh/
m2/day and from 2.9 cm to 2.2 cm for ∑IT=3 kWh/m2/day.
(ii) Wind azimuth angle has no signiﬁcant eﬀect on the system’s per-
formance if wind velocity is very low. Otherwise, as wind azimuth
angle increases from 0° to 90°, optimum depth of PCM container
increases from 3.9 cm to 5.3 cm for ∑IT=5 kWh/m2/day and from
2.4 cm to 3.2 cm for ∑IT=3 kWh/m2/day.
(iii) As ambient temperature increases from 16 °C to 24 °C, optimum
depth of PCM container increases from 3.1 cm to 4.8 cm for
∑IT=5 kWh/m2/day and from 1.9 cm to 2.9 cm for ∑IT=3 kWh/
m2/day.
t = 1h t = 2h t = 3h
Ta = 16°C
t = 1h t = 2h t = 3h
Ta = 24°C
°C°C
Fig. 10. Variation in the temperature of PV-PCM system with time for diﬀerent values of
ambient temperature (Ta) keeping δ=3 cm.
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Fig. 11. Variation in the optimum depth of PCM container for various PCMs for
∑IT= 4 kWh/m2/day.
Table 3
Optimum depths of PCM container for various values of ambient temperature (Ta), wind
azimuth angle (γ), wind velocity (vw) for RT 25 HC PCM and ∑IT= 6 kWh/m2/day.
Ta (°C) Optimum depth
(cm)
γ (°) Optimum depth
(cm)
vw
(m/s)
Optimum depth
(cm)
12 2.6 0 4.7 0.2 6.3
14 3.2 15 4.8 1 5.8
16 3.7 30 4.9 2 5.4
18 4.2 45 5.1 3 5.0
20 4.7 60 5.4 4 4.7
22 5.2 75 5.8 5 4.5
24 5.7 90 6.4 6 4.4
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(iv) The PCM having lower melting temperature (near to ambient) can
maintain the PV at lower temperature but needs larger PCM
quantity for PV cooling. It must also be noted that the lesser latent
heat capacity also leads to the requirement of larger PCM quantity.
It must be mentioned that (i) the presented model considers a per-
fect contact between the PV rear and the PCM container. However, it is
tough to achieve which slightly reduces the rate of heat extraction by
the PCM container and, consequently, decreases the optimum depth.
(ii) the presented model considers the perfect solidiﬁcation of the PCM.
However, Huang et al. (2011) reported that the solidiﬁcation leaves
voids inside the PCM. It will reduce the rate of heat extraction by the
PCM and decrease the optimum depth.
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